We have developed a simple and rapid system for the denaturation of nucleic acids and their subsequent analysis by gel electrophoresis. RNA and DNA are denatured in 1 M glyoxal (ethanedial) and 50% (vol/vol) dimethyl sulfoxide, at 500. The glyoxalated nucleic acids are then subjected to electrophoresis through either acrylamide or agarose gels in a 10 mM sodium phosphate buffer at pH 7.0. When glyoxalated DNA molecules of known molecular weights are used as standards, accurate molecular weights for RNA are obtained. Furthermore, we have employed the metachromatic stain acridine orange for visualization of nucleic acids in gels. This dye interacts differently with double-and single-stranded polynucleotides, fluorescing green and red, respectively. By using these techniques, native and denatured DNA and RNA molecules can be analyzed on the same slab gel. The electrophoretic mobility of nucleic acids in polyacrylamide or agarose gels depends on both molecular weight and conformation (1, 2). Removing secondary and tertiary structure should make the electrophoretic mobility a simple function of molecular weight. Gels containing the denaturing agents formaldehyde (3), formamide (4,5), methylmercuric hydroxide (6), and urea (7) have all been used for molecular weight determinations. Here we present a simple and convenient method that we feel offers a number of advantages over those previously described. This method employs denaturation of nucleic acids and reaction with glyoxal, followed by electrophoresis in a slab gel.
Materials. From Fluka (Buichs, Switzerland) we obtained acridine orange (standard for microscopy), glyoxal (technical grade, 30% (wt/vol) solution in H20], dimethyl sulfoxide (Me2SO, analytical grade), acrylamide (practical), N,N'-methylenebisacrylamide (practical), and N,N,N',N'-tetramethylethylenediamine. For best results with RNA the acrylamide and N,N'-methylenebisacrylamide were recrystallized according to Loening (1) . Mixed bed ion-exchange resin, AG-501-X8 or AG-501-X8(D), was from Bio-Rad, and agarose, electrophoresis grade, was from Sigma. All other chemicals used were reagent grade, and before use buffers were filtered through Millipore nitrocellulose membrane filters.
Glyoxal Purification. Because glyoxal is readily air-oxidized, we remove oxidation products the same day as the samples are to be prepared. This is accomplished by passing the glyoxal solution three times through a column (10-ml pipette) containing mixed bed resin. A column volume of 1 ml is sufficient to remove the oxidation products from 2 ml of 3 glyoxal. This glyoxal purification step is mandatory for the prevention of RNA fragmentation.
RNA and DNA Samples. The following ribosomal RNAs were used in these studies: Escherichia coli (5S, 16S, 23S, from P. Wellauer, or phenol extracted from strain K-12 by ourselves), HeLa (17, 27, 28) . Cleavage with EcoRI generates full-length, double-stranded linear molecules (27) . Cleavage with a mixture of BamHI and Hpa II yields two fragments, of approximately 57% and 43% unit length (28) . We calculate the molecular weights of these fragments to be 1.92 X 106 and 1.46 The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked .advertasement" in accordance with with Polaroid type 105 positive/negative film or type 107c positive film and a red filter. RESULTS RNA and DNA molecules from various sources were denatured with Me2SO and glyoxal, electrophoresed along with undenatured samples in the same slab gel, and detected by acridine orange staining. Fig. 1 shows the analysis of both native and denatured DNA and RNA on a 2% polyacrylamide/0.5% agarose composite slab gel. The glyoxal method can also be used to estimate molecular weights of single-stranded nucleic acids. Fig. 2 shows a variety of glyoxal-denatured DNA and RNA molecules that have been electrophoresed in a horizontal 1% agarose gel. When the relative mobilities of the denatured DNAs (restriction endonulcease fragments of SV40 DNA) are plotted as a function of their known molecular weights, on a logarithmic scale, a straight line is obtained (Fig. 3) Fig. 2 were measured as the distances from the center bottom of the sample wells to the center top ofthe bands. When band intensities are not the same, this method is more accurate (compare for example, two different amounts of full-length SV40 DNA, shown in Fig. 2 b and c) . When bands are of equal intensity, equivalent results are obtained by measuring to the center of the bands. The Os represent SV40 DNA fragments produced by restriction enzyme cleavage. The line has been drawn through them. The *s represent rRNAs and have been placed on the line in order to interpolate molecular weights.
range (Table 2 ). Table 2 also shows that glyoxal-denatured DNA and RNA molecules have the same mobilities over a 5-fold range of molecular weights, on the same gel.
DISCUSSION
We have described here a combination of two useful techniques for the analysis of nucleic acids by gel electrophoresis; glyoxal denaturation and discrimination of double-stranded (green) and single-stranded (red) polynucleotides by acridine orange staining. These techniques may be used independently or in conjunction.
With glyoxal, nucleic acids are essentially irreversibly denatured under the conditions we use for sample preparation and gel electrophoresis. At pH 7, the glyoxal-guanosine adduct is stable for at least 20 hr at 20° (9) . This means that the gel or running buffers do not have to contain denaturing agents, thus making it possible to analyze both native and fully denatured molecules on the same slab gel. In addition, glyoxal-denatured nucleic acids may be electrophoresed through either agarose or acrylamide gels. We have never seen evidence of intermolecular crosslinking induced by glyoxal, using RNA concentrations from 1 to 800 ,sg/ml, and glyoxal concentrations from 10 mM to 1.5 M. This is in agreement with physical chemical studies (11) and with electron microscope observations (P. Wellauer, personal communication). An interesting finding was that glyoxal-denatured RNAs and DNAs fall on the same log molecular weight vs. relative mobility line, or on very similar lines. This means that it is possible to estimate RNA molecular weights with the glyoxal method by using easy-to-obtain DNA fragments of known size as markers. The RNA molecular weight values we have obtained do not seem to be highly dependent on the G+C content of the RNAs; molecules we have used vary in G+C content between about 53% (16S E. coli) and about 67% (28S HeLa) (39) . This system is of further interest because formation of the glyoxalguanosine adduct is readily reversible at pH greater than 8 (9). Shapiro et al. (40) described the complete dissociation of the glyoxal-guanosine adduct in 75 min at pH 11, 22 , while Hutton and Wetmur (11) reported the complete dissociation of glyoxal from DNA by treatment for 76 hr at pH 8.0, 450. Thus, the glyoxal method may be of use when the recovery of unglyoxalated nucleic acids is desired.
The glyoxal method is simple and rapid. It requires relatively safe, inexpensive reagents, may be adapted to any commonly used gel apparatus, and is compatible with both acrylamide and agarose, and with both DNA and RNA. Thus, we feel that this method is in many respects superior to previously described methods for gel analysis of denatured DNA or RNA (3) (4) (5) (6) (7) 31) .
